In this paper, the influence of the absorption shot noise on line edge roughness (LER) of photoresists for extreme ultraviolet (EUV) lithography is studied experimentally through the comparative analysis of LER obtained by EUV (92 eV photons) and 100 keV e-beam lithography. Techniques for performing EUV and e-beam lithography with a matched image log slope for a fair comparison of LER values are described. Measurements of absorption of 100 keV electrons estimated through a transmissive electron energy loss spectroscopy measurement with a 120 keV electron beam showed that de spite having access to core levels in the material (e.g., 284 eV edge in carbon), these electrons mostly just excite the energy levels less than 100 eV in the resist, with a mean deposited energy of 35 eV. By combining the incident flux and the absorption probabilities, the absorbed quanta for patterning of 50 nm half-pitch line/space features was found to be similar between the two patterning technologies.
I. INTRODUCTION
Extreme ultraviolet (EUV) lithography is a leading candidate technology for patterning of the ever shrinking feature sizes. However, several challenges have prevented the deployment of this technology in a high volume manufacturing of integrated circuits in a cost-effective manner. One of the major challenges has to do with the variability at the nanoscale introduced by the photoresist, the imaging medium that is responsible for recording the patterns, which can subsequently be transferred to the substrate through etching. One of the manifestations of this variability is in the form of line edge roughness (LER), which refers to deviations of the edge position of a line/space pattern relative to the ideal positions designed on the mask. An illustration is provided in Fig. 1 . The dashed black line corresponds to the ideal edge positions, while the solid blue lines represent the deviations in edge positions in the image formed in a resist.
LER in a resist emerges because of the fact that the exposure events and the chemistry events triggered as a result of the deposited energy density profile are stochastic processes. There are not many absorption events in a photoresist film that is typically less than 50 nm thick. For example, in a photoresist consisting of a polyhydroxystyrene (PHS) based backbone polymer, the absorptivity is about 0.004/nm, which in a 50 nm thick resist translates to an 18% absorption probability. To put it in perspective, an incident dose of 15 mJ/cm 2 translates to an incident flux of 10.2 photons/nm 2 and an absorption flux of only 1.85 photons/nm 2 . At such low photon count values, the phenomenon of exposure event shot noise starts to become important and plays a role in causing LER. EUV absorption being a form of ionizing radiation produces secondary electrons which are primarily responsible for intitiating events that can ultimately lead to solubility switch in the resist. In the case of a chemically amplified resist, the electrons interact with photoacid generators (PAGs) to produce acids that cause polymer deprotection reactions during the postexposure bake step, which render the exposed resist soluble in the developer solvent. Since the number of electrons produced by an absorption event that can lead to acid creation is in the single digits and likely around 4, the randomized trajectories followed by these electrons as they scatter and deposit energy in the material may also contribute to roughness. Furthermore, under nominal PAG loading conditions, only a few acids are expected to be created by an absorption event, and the counting statistics of the acids can contribute to LER. The stochastic nature of local PAG and quencher number density in the material can also contribute to the LER. The dissolution process may also contribute to the final resist LER.
LER continues to be a practical challenge for EUV lithography, and quantifying the influence of various material intrinsic contributors is an important topic of research that can aid in mitigation strategies. In this paper, LER is studied through a comparative analysis of EUV and e-beam lithography, with the goal of testing whether the absorption shot noise is the most dominant contributor to LER in two leading chemically amplified EUV resists. The motivation behind this approach is that in principle, it allows for directly studying the influence of absorption density on the final resist LER since lithography experiments can be performed on the same resist with identical reaction/diffusion chemistry and secondary electron scattering processes, with absorption density being the only parameter that would be different between the two patterning techniques. While in EUV lithography, the pattern on the mask is projected onto the wafer plane using an imaging system, in e-beam lithography, the desired pattern is formed through a direct-write process where the beam is raster scanned across the wafer. Performing comparable lithography experiments therefore requires techniques for ensuring identical image quality for the two patterning techniques. One of the most important metrics for image quality is the image log slope (ILS), which quantifies the slope of the image formed at the line edge normalized by the image intensity at the edge, and is well known to strongly affect LER. In Sec. II, a summary of the experimental approach used in this study will be presented. The techniques used for experimentally matching the image log slopes for a fair comparison of measured LER, which includes the use of gray-scale e-beam lithography, will then be described. The measurement of the probability of absorption of 92 eV EUV photons using optical properties determined by EUV reflectometry will be presented. The electron energy loss spectroscopy (EELS) experiment used to estimate the energy deposition probability for 100 keV e -beam lithography will then be presented. In Sec. III, experimental verification of matched exposure latitudes between EUV and e-beam lithography will be presented. A comparison of LER statistics for 50 nm half-pitch line/space patterns with matched image log slopes will then be presented, followed by a summary discussion of the comparisons between absorption shot noise and deposited energy in the two patterning technologies.
II. EXPERIMENTAL APPROACH
A pictorial summary of the overall experimental approach utilizing comparisons of patterning performance between EUV and e-beam lithography is provided in Fig. 2 . Four experiments were performed, two patterning experiments (EUV and e-beam) and two experiments aimed at quantifying the probability of absorption of 92 eV photons and 100 keV electrons in a 45 nm thick resist. The measured LER values were then simply compared against the shot noise prediction based on absorption count data to test whether the shot noise model adequately explains the LER discrepancy or whether other resist processing parameters have a larger influence on the LER.
A. Gray-scale e-beam lithography
In the scenario where the EUV spatial resolution is better than the e-beam, aerial images can be matched simply by defocusing the EUV image. In the more typical scenario, however, the e-beam spatial resolution may be better than EUV. As an example, a comparison of the point spread functions (PSFs) for EUV and e-beam imaging systems is illustrated in Fig. 3 . The EUV point spread function (solid blue line) was calculated by using an existing MATLAB based software that is capable of modeling partially coherent illumination. The Berkeley micro-exposure tool (BMET) model for illumination conditions was used in this simulation. The e-beam point spread function (red dashed line) was modeled simply as a Gaussian function with a full-width at half maximum of 8 nm, the measured value for the e -beam tool at the Center for X-Ray Optics (CXRO). The figure clearly shows differences in the two imaging systems, which need to be corrected for in order to perform a fair comparison of lithographic data. The inset shows the gradients of the PSF at half-maximum. The gradient for the e-beam PSF is 2.6 times larger than that for EUV.
In situations where the e-beam spatial resolution is better than EUV, the goal of gray-scale e-beam imaging is to compensate for it by slightly lowering the contrast of the e-beam write pattern. This was accomplished through a simple deconvolution procedure performed in the Fourier domain, where the e-beam point spread function was deconvolved from a computed EUV aerial image to obtain the gray-scale e-beam write pattern. A demonstration of the image calculations is shown in Fig. 4 . The normalized e-beam dose profile for the binary imaging scenario is shown in Fig. 4(a) . Figure 4(b) shows the deconvolved gray-scale e-beam pattern. Only one period of the line/space feature is shown so that the varying colors in the gray-scale write pattern corresponding to spatially varying e-beam doses are easily visible. In these images, a pixel size of 5 nm was used to match the pixel size in the patterning experiments that will be presented later. The images in Figs. 4(c) and 4(d) present the calculated spatial profiles of the line/space pattern on the wafer plane for binary and gray-scale patterning scenarios, respectively. We can see qualitatively that the gray-scale dose pattern results in a degraded image contrast compared to the binary one. Figure 4 (e) shows a comparison of the image cross-sections for the EUV, gray-scale e-beam, and binary e-beam. The e-beam aerial image computed with the designed gray-scale input pattern (dashed black line) is identical to the EUV aerial image (open blue circles) as expected. The EUV aerial image was calculated by assuming annular imaging conditions (σ in /σ out = 0.3/0.55), which were used for experimental results that will be shown later.
When designing an experiment for LER comparisons, it is important to match the image log slope because this parameter inversely affects the LER. The measurable parameter that relates to the image log slope of the aerial image pattern is the exposure latitude defined by Eq. (1). 13 The exposure latitude provides a measure for the amount of perturbation in dose needed to produce a given perturbation in the linewidth (CD). For example, in Eq. (1), a 10% CD perturbation is assumed, Exposure latitude (EL)
( 1) A simple demonstration of the relationship between the image log slope and the exposure latitude is provided in Fig. 5 . A trend for the image log slope as a function of defocus for the wafer-plane aerial image for 50 nm line/space patterns simulated using a thin mask model and utilizing the imaging conditions for the BMET (Ref. 11) is provided in Fig. 5(a) . In Fig. 5(b) , the experimentally measured exposure latitude in the resist image, calculated using the definition in Eq. (1) as a function of the defocus conditions for a leading chemically amplified positive tone EUV resist, is provided. Figure 5 (c) shows the experimental dependence of the exposure latitude on the aerial image log slope for this resist. The improvement in LER with the increasing exposure latitude and the image log slope is demonstrated in Fig. 6 for two leading chemically amplified positive tone EUV resists. The data show the results for 50 nm half -pitch lines and spaces patterned using EUV lithography at the BMET.
C. Absorptivity of photons
The probability of absorption of an EUV photon in the resist is calculated by using the Beer-Lambert law for exponential decay of photon intensity as a function of depth (z) in the material shown in Eq. 2(a), where the absorptivity (αα) relates to the imaginary component of the refractive index (k), shown in Eq. 2(b), I(z)=I0e−αz,Iz=I0e−αz, 
The complex index of refraction (n + j × k) for the photoresist was obtained from reflectance measurements for a 45 nm thick chemically amplified resist spun on a silicon substrate by using a CXRO reflectometer. 12 The measured real and imaginary parts of the refractive index of the photoresist (n and k, respectively) are shown as open circles in Fig. 7(a) . A typical positive tone chemically amplified resist is made of a PHS polymer backbone. Therefore, n and k values for PHS were obtained from the CXRO database, 2 and are plotted as dashed lines. A good general agreement is seen between the measured results and the values in the database. The plot in Fig. 7(b) shows the absorptivity in the material evaluated using Eq. 2(b) as a function of photon energy. At the EUV energy of 92 eV, the absorptivity is 4.13 μm−1μm−1.
While this study focuses on the influence of discrete energy deposition events by 92 eV photons and 100 keV electrons on the patterned line edge roughness, studying the mechanisms with which secondary electrons generated by an absorption event initiate chemistry are also important. These electron interaction mechanisms can be quite complex, and a few the resist thickness loss as a function of exposure dose and incident electron energies. Ogletree et al. performed measurements of electron yields from halogenated resist materials in the gas phase and presented evidence of Auger relaxation mechanisms. Assessing the influence of these electron interaction phenomena on the final resist LER will likely have to rely on theoretical modeling of electron scattering mechanisms.
D. Absorption statistics for 100 keV electrons using EELS
The probability of absorption of 100 keV electrons in EUV resists was estimated using transmissive EELS. In this technique, an electron beam, typically with energies between 100 and 200 keV, is focused onto a thin sample in a transmission electron microscope (TEM) chamber. The electrons undergo scattering in the sample emerge on the other side of the sample with a certain energy and angular distribution and subsequently pass through a magnetic prism, which results in deflection of electrons based on energy. Finally, the electron detection systems provide a measurement of the number of electrons as a function of the energy lost in the sample. Through subsequent data processing steps detailed by Egerton, the probability of energy loss events can be computed.
In our experiment, we first spin-coated the resist on a silicon nitride window as shown in Fig. The EELS spectrum with a 120 keV beam was first obtained on the bare nitride window, and the spectrum was subsequently measured for the resist-nitride stack using the TEM-EELS tool at the Molecular Foundry at the Lawrence Berkeley National Laboratory. The bare nitride thickness was 25 nm, while the thickness of the stack was 47 nm. The data from these two measurements were then used to estimate the probability of inelastic scattering of electrons in the resist. The spectra are shown in Fig. 9 . The dual peaks around 100 eV correspond to the ionization edges of silicon present in silicon nitride. The 284 eV ionization edge in the resist/nitride stack data results from the presence of carbon in the photoresist. The 400 eV peaks in both the resist/nitride stack and the bare nitride correspond to the absorption edge of nitrogen present in silicon nitride.
In order to calculate the probability of scattering in the resist, the plural scattering mechanisms need to be accounted for. The measured EELS data can be used to obtain the single scattering distribution using the technique of Fourier Log deconvolution detailed by Egerton.
18 This procedure was used to obtain the single scattering distributions for bare nitride and the resist/nitride stack. Since the single scattering distribution represents the probability of scattering as a function of energy loss, by subtracting the distribution for the bare nitride from that of the resist/nitride stack, the energy loss distribution in the resist can be obtained. The result is shown in Fig. 10 . The main peak at 22.2 eV corresponds to the bulk plasmon excitation in the resist. The 6.54 eV peak likely corresponds to a combination of excitation of the carbon-carbon bonds in the monomer units as well as the excitation of photo-acid generators in the resist. Due to the finite energy resolution of the EELS tool, inelastic scattering data could not be directly measured for energy loss values less than 2 eV. In the results in Fig. 10 , therefore, the scattering distribution for energy loss less than 2 eV was obtained through extrapolation of the trend at energies larger than 2 eV. The mean energy loss in the resist obtained from the scattering distribution is annotated in Fig. 10 and was found to be 34.5 eV. The total probability of inelastic events in the resist found by directly integrating the scattering distribution was found to be 0.17 and is also annotated in the plot. This value corresponds to the probability of scattering in a 22 nm thick resist for 120 keV electrons. Since the lithography experiments were performed using 100 keV electrons and a thickness of 45 nm, this probability was scaled to obtain the probability of scattering expected in the lithography experiments. The techniques summarized above were used to measure the absorption probability of 92 eV photons and 100 keV electrons in two leading chemically amplified resists. A summary is shown in Table I . Resist B has a 29% larger absorption probability compared to resist A for EUV photons, while the probability of an energy deposition event by 100 keV electrons is only 3% larger for resist B than for resist A. The interesting result, however, is that the mean energy lost by the electrons in the resist is 34.5 eV. This is roughly 37.5% of the amount of energy delivered by an absorbed 92 eV EUV photon.
E. Other issues with EUV and e-beam lithography
Secondary issues that need to be considered when analyzing lithographic data are proximity effects in e-beam lithography and the contribution of the mask to the LER in the case of EUV lithography.
Proximity effects in e-beam lithography
The highly energetic 100 keV electrons, by the time they reach the bottom of the resist, lose only a small fraction of their energy in resists which are typically less than 50 nm thick. A fraction of the electrons back -scatter at the resist/silicon interface. Remainder of the electrons propagate through silicon until they lose all their energy and come to a stop. The range of 100 keV electrons in silicon is expected to be 78.2 μμm, calculated using the stopping power from the NIST E-Star database. The significance of the back-scatter mechanism is that it is a long-range effect that can result in small levels of resist exposure up to tens of microns away from the exposed pixel. In the photoresist, the overall e-beam PSF, in the polar co-ordinate system, takes the form shown in Eq. (3), h(r)=h1(r)⊗1π(1+η) (1α2 e−(r2/α2)+ηβ2 e−(r2/β2)).hr=h1r⊗1π1+η 1α2 e−r2/α2+ηβ2 e−r2/β2. (3) Here, h 1 (r), αα, ββ, and ηη and represent the spatial profile of the beam incident on the sample surface, the forward scatter range, the back-scatter range, and the ratio of the total energy delivered through back-scattering in the resist, relative to forward scattering, respectively. The forward scattering range proves to be important when the resist thickness is large (e.g., on the order of microns) because it causes broadening of the electron beam at the bottom of the resist. For resists with thickness values on the order of about 50 nm, however, the beam broadening is a negligible effect. 24 The back-scatter ranges (ββ) for 100 and 50 keV e-beam lithography were measured to be 8 and 26 μμm, respectively, by Anderson et al. 25 for hydrogen silisesquioxane resist on the silicon substrate. These values are in reasonable agreement with the values of 9.5 μμm for 50 keV and 31.2 μμm for 100 keV tabulated by Owen.
We approximate that the overall impact of the back-scatter is to contribute a net DC shift to the final resist image intensities because the field sizes being patterned (20 × 20 μm) are small enough in relation to the back-scatter range of 26 to 32 μm in the double-Gaussian approximation. Radially integrating the back-scatter Gaussian function from Eq. (3) for radii of integration ranging between 0 and the half-diagonal of the patterned field size and assuming 50% duty cycle of lines and spaces, we analytically derive the back-scattered DC contribution to be 5.4% of the incident electron dose at the center of the exposure field. The value of ηη in this calculation is assumed to be 0.74, as approximated by Owen 24 for 100 keV e-beam. The net impact of the DC shift in the resist image intensities is to slightly lower the contrast of the image formed in the resist, which can impact the exposure latitude. Since in our experimental approach, LER comparisons are performed by matching the directly measured EUV and e-beam exposure latitudes, the back-scattering effects are accounted for in the analyses.
Mask contributions to LER in EUV lithography
EUV masks consist of multilayer reflectors with absorber layers deposited in regions where no resist exposure is desired. Two of the major contributors to mask-induced LER are the surface roughness on the multilayer mirror and the line edge roughness on the absorber pattern itself, as described by Naulleau et al.. 10 An extensive investigation of the mask contributors to the aerial image LER as a function of numerical aperture (NA) and illumination conditions was conducted by McClinton. 26 In order to correct for mask-induced LER from the measured resist LER, we performed a calculation of the aerial image LER for 50 nm half-pitch line/space patterns for a range of defocus conditions by using a thin Two separate simulations were performed. In the first simulation, the contribution of the multilayer surface roughness to LER was determined by using as an input mask, binary line/space patterns overlaid on the spatial phase roughness of the multilayer surface. The phase roughness was calculated from the surface roughness of a representative mask measured directly using atomic force microscopy, by using the relation PR=2×2π×SR/λPR=2×2π×SR/λ, where PR represents the phase roughness that results from a mask with surface roughness (SR) and λλ is the wavelength of EUV light (13.5 nm). A surface rougness of 100 pm rms was used to estimate phase roughness. As suggested by McClinton, this is the typical mask surface specification.
In the second simulation, contribution of the absorber LER to the image-plane LER was simulated by using an input mask, a line/space pattern with the desired spectral properties, and no multilayer roughness. A 3σσ absorber LER of 1.8 nm reported in the literature for a representative mask was used, with a correlation length of 19 nm and a roughness exponent of 0.7. The mask with these spectral properties was generated by using the LER synthesis tool included in the SUMMIT software toolset.
The resulting wafer-plane LER values for the aerial image are shown in Fig. 11 . The BMET model for illumination conditions was used in this simulation. The total LER was calculated by adding the multilayer surface roughness and the absorber LER contributions in quadrature.
III. EXPERIMENTAL RESULTS
EUV exposures of 50 nm half-pitch lines and space patterns were performed at the BMET, while the 100 keV e-beam exposures were performed at the Molecular Foundry at the Lawrence Berkeley National Laboratory. The processing conditions are provided in Table II . The patterning experiments were performed on two chemically amplified resists. The bake conditions for the resists shown in Table II are nominal values for these resists. Scanning electron microscopy (SEM) imaging was used as a technique for measuring the nanoscale roughness. The image processing and LER extraction algorithms that are a part of the SUMMIT toolkit 28 were used for quantifying the LER. Considering that most of the LER is contributed by the lower frequency components in the power spectral density (PSD) of the edge deviations, the SEM working distance and magnification were chosen such that the lines in a single image were adequately long, while retaining a reasonable scan pixel size. The extracted correlation lengths for the LER data are around 16 nm, and the line lengths are about 50× the correlation length. 
A. Experimental verification of matched exposure latitudes
The lithographic results demonstrating matched exposure latitudes [defined previously in Eq. (1)] between EUV and e-beam patterning for the first resist are shown in Fig. 13 . The open circles represent the measured linewidth (CD) as a function of exposure dose. The red dashed lines going through the data points are linear fits. In each plot, the remaining two dashed lines were calculated by using the standard deviations of the linear fitting parameters introduced by uncertainties in measured CD for a given dose. The exposure latitude obtained by EUV lithography [ Fig. 13(a) ] was found to be larger than that obtained by binary e-beam lithography [Fig. 13(b) ], likely because the spot size of this particular e-beam tool was larger compared to the EUV imaging condition that was used. The exposure latitudes were therefore matched by defocusing the EUV image. In Fig. 13(c) , CD versus dose for +150 nm defocus of the EUV image is shown. For the second resist, the exposure latitude obtained by e-beam lithography (0.37) was larger than that obtained with an in-focus EUV image (0.29), as the resolution of the electron beam was improved after the exposures on the first resist. The exposure latitude here was matched by slightly degrading the e-beam image gradient and by programming a gray-scale pattern for dose delivered at each pixel, instead of a binary one. The gray-scale pattern shown in Fig. 4(b) was used, and the relative deposited dose values were controlled by modulating the beam dwell time for each pixel with a fixed landing current. In the actual patterning experiment, however, it was found that the EUV image had to be defocused by 50 nm in order to match the e-beam exposure latitude. The point spread function for the Molecular Foundry e-beam tool used for the exposures likely had a slightly larger full width at half maximum compared to the CXRO tool that was used for computation of the gray-scale write pattern. The results for the second resist are shown in Fig. 14. 
B. LER statistics with matched exposure latitudes
The statistics of measured 3σ LER for both the resists are shown in Fig. 15 . For resist A, the LER values measured three focus steps (150 nm) away from the best focus on each side were used to plot Fig. 5(b) , both these defocus conditions result in the exposure latitude that closely matches the e-beam exposure latitude. When plotting the distributions, the individual mask contributions for each focus that were previously demonstrated were first subtracted. The LER distributions for resist A are found to have a larger overlap than those for resist B.
C. Summary
Comparative summary of the EUV and e-beam lithographic data and the absorption density results are provided in Tables III and IV. For both the resists, we see that the absorption probability is larger for 100 keV e-beam compared to a 92 eV EUV photon. The incident particle flux values have been computed simply from the dose values. We find that the difference in absorption probability between EUV and the e-beam is almost exactly canceled by a scaling of the dose needed to print roughly equal linewidths, as reflected in the absorbed particle flux values shown in the tables. These results show that with identical aerial images, this technique did not help in the creation of a difference in absorption flux as had been originally intended. Possible explanations for this result may be that the secondary electron spectra created in the material through ionization events are likely similar for EUV and 100 keV e -beam exposures or that there may only be small differences, which ultimately do not strongly influence acid generation statistics. The data, however, do show that both the resists result in larger LER when exposed to the e-beam compared to EUV radiation, which suggests that there may be other contributors to the formation of roughness in e-beam lithography. 
IV. CONCLUSIONS
There are several material contributors to noise formation in an EUV photoresist. Here, a new approach of comparative analysis of EUV and e-beam lithography performance for experimental investigation of the influence of absorption count statistics on LER was tested. The probabilities of scattering of 92 eV photons and 100 keV electrons were measured, using reflectometry for EUV lithography and EELS for 100 keV e-beam lithography. From the results, it was learned that despite having access to core energy levels in the resist (e.g., 284 eV ionization edge due to carbon), 100 keV electrons mostly excite only the valence band and lose on average only about 35 eV in a resist film. The probability of absorption for the 100 keV e-beam was determined to be 2.36× larger than that for EUV photons for resist A and 1.73× for resist B. In the lithography experiments, however, these discrepancies in absorption probabilities are almost exactly canceled out by a scaling of the incident dose needed to print 50 nm half-pitch lines and spaces. Considering that the volumetric density of acids needed to print a given feature has to be similar between the two techniques given the identical image quality, resist chemistry, and processing (spin coating, bake and develop) steps, these results suggest that the secondary electron spectra in the resist may be similar or that any differences in the spectra may not translate into significant differences in the net acid yield. Furthermore, the observation that with similar absorption counts, the 100 keV electrons deposit only 35 eV energy in the resist films on average, while the EUV photons lose 92 eV, suggests that the 100 keV electrons may be more efficient at initiating chemistry that ultimately leads to dissolution. With matched exposure latitudes and roughly equal absorption count, however, e-beam lithography resulted in a larger mean LER than EUV lithography, which suggests the likely presence of other contributors to LER in e-beam lithography.
